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I_I_ODLL_TION

Recent studies by the authors of this paper coneernir_ Flux Penetration in

Fer1_magnetic Material 1,2,3haveled to the development, of a computerized procedure

for determining the intensity and phase of magnetic field penetration into ferromagnetic
materials of various ge_etries. The present paper e.rtends this prior work to the

Sl>ecifie analysis of losses in a cyl_ndrlcal rod of #IO10 steel; the basle procedure

and theo_'y, how_wer, ere generally applicable to ,,illIsotroplc ferrcm_.?net_e mate_Is.

The d_ta used in th_s procedure are obtaimed directly frown the actual, m#.ignetjzation

curve and major hysteresis loop of the material urlder sr,udy. It is bel_eved that the

procedure described herein represent, a major contribution to the _iterature of Loss
analys_ s.

THEORETIC/d_ BACKDROUND

A_ shown in reference (2), when a cylindrical rod of radius a is subjected to a

known magnetic field intensity axlally directed at its surface, Hz(a',t), the finite-

d/fference relationship between magnetic induction, Bz(r,t ), and magnetlc field intensity,
Hz(r,t ). a:- a function of dlstanc_ (radius) and time, is given by

0.4,(_r)24 rl.j ..- ,,-"

where p is the resistivity of the material, k and A t are the time increments, i_anU n_.

are _he space incrsments, i Is the space index, J is the time index, and r is the radius

corresponding _o space index i, Note that the factor of O,h w in equation (I) arises _'r_m

the choice Of c,;:_._. 'anits. Equation (1) is wrlt%en in temm_ of flu'J,density and m_r.,_t%c
field Intensity. The relationship between these qlmatltles is l_plA, ci_, :_,d _s supplied
+.othe co_uter a_ data descrlbi_ the magnetic ctlaracter_sties o_' the r,_t,,riSl.

Asst_mlng ¢me boundary and £n£tXal conditions

S (r,O) - 6
z

ill Ol,l;) -'" kn_',,a d,'ti,,til8 tuncil_a (3)

ll_(i,t) !
-, .0
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an iteratlve precedure In implementen to determine Bz(r,t). I% should be noted th_

in this procedure, Bz and Hz are r_late<t, not by a linear or other closed-form
mnthematleal approximation, but by the data points describir_ the D.C. bysteresls

l_op of the material being consJder'ed.

___DYCURRENT LOSSK_:

_,e_ Am_e_-e'_ Circuital LAw is &pplled to the path i,2,3,4,1 of _'igur_ l, equa_£cr,

(5) is obtained,
t

- -0,_,_ _:) . (5)
_r

where Je(r,t) le the eur:-ent density as a fllnctlon Qf spame and ti_e. The _i=_.a_c%ge

aquared current Is then:

2

j_ (i) I JeT'(,,_)_ (6)aT e

or, in difference ter_,

[ ' (7:)
J-I

_(_) " °Je 2(_) (8)

1

where WE is in units of watt era-3, _f J i_ in _ cm-._ _nd 0 I_ In.o_ cml.

I_"the ._._,.,_.......h,de_ing is so arranged_l_ I--2 corresponds to r-O, then one
eL:;ezw;s _nat

r- (_-_._)_ (9)

is _he _ul radius of the se_mmlt betw_ea r _u_ r+ &r. _1_tlon (8) _M_ _ b_ e_ployed

to deten_t_e _he p_wer per _it length of rod by m_itiplyln_ equatiom (8) by an el_en_

of area in a z:,cons_an_ plane. With reference to FLgtu'e I, one w111 note that the desired

element of area is

_. - _ _ d_ . (1o)

_. O_fference .o_.ation, w_cn tl,e __ _/_a _ _.o v_r¥ over m_e revolution,

eq_on (9) may be epplJ.ecl _o e_i_tton (IO) _o ]rteld

. _ (_-_._)_r) z . (zz)

'l'e_" p_,_er per tu_It length, WE, Is thus

w_- _.,(_,)_[(:'l._)J_(_)' (_)i

|
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HY_,T_'/_IS rX)SSES

The _.ner_ ios_:per hyst,2,'esisloop rycle is

E.er_y- _ 8 d. (_3)

Power loss in watts, employing c,g.s, magnetic,units, is

f

w. "--/L Bdh,
4. x IO7 (14)

where f is _he frequency in cycles see.-] , B is the flux density in gau_s, }iis the

magnetic intensity in oersteds and W_ is power loss in the w.ettcm-3. Casting equation
(!l_)in d:fference £o:_ y_elds

4._x _n7

where the sum-product, AH(i) [BA(i), represents t_e area or"the hysteresis fooD,n_nerieally
analyzed. If equation (,!5)Is now maltip.!iedby equation (].I)th_ hyst._resislos::at
given depth, _, [,erc_n.__....,,_'_gtho.frod _s obtained:

4_,x 107 (_'})
-2

The total power loss due to h_ste_esis iS the sum of t?z_s of the type giv<,nin ,_qaaci,x,
¢

(].6),with the surface (i=l_) and the center (i=2) of the cylinder weighted one half to
account for their reduced area:

_. (,-_.,)a.(,)_
4x107| i=Z, 19

The evaluation of the sum, AH(i)Z4Bt(1), i'sinteresting and worth7 of elaboration:
_he hysteresis loops describing B-H variatTon at each space point in the _tter!a] are
stored in the memor! of th,)digital computer as a result of the procedure discussed below.

If one consider::_h_ maximum, H,_xCi), and _he mni_m _nC&), extremities of m.q_netizatio_%
at each space point,&H(i) may _-esimply defined as

_,(_) - _x(,)-__.(1)/ _o_ , (l_)

where the factor IOO has been arbitraril_ selected. It might be noted tha5 on the major,
.<:at_Irated,_Tsteresls loop.

c (_9)

where H,, is known as the coercive field.

_ince t.heprocedure described below for the determination of the h_steresis ,-oops
yields only the ].er_ side of the Ikysteresiscurve, which is assumed to be centraAly
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u m nun ul mum 41NiIimmu mnn4' ,,, -+ . , ....................... •

III Ilia I II]IHF]1 II] I]11 I inimll .__'_

s_utri,:, J+t;.dilb_ ebs:cved th', the _%(i) ccr_esoondil:gto+e_ch _H(£) may be
.,v,'_l_tt,,t'.,.as the s'_:Lo,'t__,_ (A) corresj>ondingt,.,-}I(_). "Uq'LJ_:;i!_'.s._'atedin
F_C'J_'e::. ih,ts,LIJe_'¢+_oZ the hyzt,,_e_[s]oop is e_':_'_m++;_ _,s

Area-
k

DETERMINATION+OF MII_ORHYSTERESI% LOOPS
i i i i.i _ •

The determination of mir,or hysteresis loops is necessary because the maxlmum
flux density decrease_ with depth into the material and it is Important:to dc_velopa
procedure for determining on which hysteresis loop such a variation is occurring. The
loop on which variation is taking place is & member of a family consist_r,gof a very
large number of minor loops.

The authors, therefore, have derived a relationship which is an ext,._nslonof the
one developed in references (2) and (_), which, when solved by a digital ¢o_.puter,_,._kes
it possible to obtain the data points describing any minor hysteresis loop from the given
data o£ the dc major snturated hysteresis loop and the dc magnetization curve. This da_a

_,. provides the double valued relationship between flux density and m_gneti(,intensity use_l
J+ Impllc_tly in the finite difference equ_tlons+

In this develol_nent, it is assumed _hat the de magnetization curve is the toci o£
the vertices of the nested sy_etrical minor hysteresis loops. When an _nitially
demagnetized sample is subjected to an applied magnetic field, the B-H relationship in
the material is assumed to be described by the normal magnetization curve, curve A of
Figure ,3: until a local maximum is reached. When the amplitude of the applied _gnetic
field begins to decrease, the B-H relationship in the mater_al is no longer described _y
the normal magnetization curve, but rather by one of the family of hysteresis loops. If
the local maximum, Feint I of Figure 3, is equal to or greater than the saturation flux
density, the h_steresis loop described will be the ma_or saturated hysteresis loop; curve
B of Figure 3. If the local maximum is less than the saturation flux density, point 17
of Figure 3, the hysteresis loop described will be one of the nested minor hysteresis
loops. For cases where the local maximum, point II of Figure 3, is less than O.01 of
the saturation flux density the minor hysteresis loop wiLt be represente_ by the uoriel
magnetization curve; the following procedure, therefore, will be bypassed: This

approximation is employed to speed up computer time w_thout sacrificing _ccuracy.

The method by which any of these minor hysteresis loops is dete:_ined using _nown
data describing the ma_or saturated hysteresis loop and the dc _gnetization curve is

• described below with reference to Figure 3.

_n Figure S, point lI, on the normal magnetization curve (A), represent_ a loc_
maximum less than the saturation flux density. The first step in the procedure is to
locate point If* which is cen_rally syuaetric with respect to point II. Having located
point !I* the next ste_ is to scale the le_t curve of the m_or hysteresis Ioo_ hori_or,tally
s_ that it passes through point II*. This curve is represented by the dashed l_nes, curve ,+

D. The hor_ _ntally scaled major hysteresis curve is then scaled vertic_l]y with respect
to point [I* so that it passes through point II* and its centrally symmetric point, II.
Th_ res:_ltant curve, curve E, represents the left half o1' the de_ir_ m/:_orlr/_eresis loop.

t
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CALCUIATIONS AND TESTS
q

Actual c_puter calculations were carried out on the University of l__ttsbuv£h'_

IBM 7090 digital computer. Quantities computed included flux density, eddy current

density and hysteresis loss intensity at various depths in the rod, total eddy c_urrent

loss, and total Ikysteresis loss. A number of reliable tests were needed to provide

checks on the theoretical work. A 5/8 inch round rod of #lOlO steel was shaped into

a 11-7/16 inch avera6e diameter ring, welded, and _umealed to form a homogeneous

continuous magnetic path. A primary or drivi_ winding was wound on the ring and excited
by a sinusoidal 60 c.p.s, source; tests were conducted with the device in an oll bath

':omake certain that the temperature of the speci_en w_s kno-wn and re,mined nearly constant,

Test results are compared in Figure _, not only with the calculations made by the

procedures set forth in this paper, but also with Giliott's prsvious wor_ [ which neglected

h_steresis phenomena. The re_der will note that when hysteresis is considered that the

eddy current portion of the lo@ses decreases, but the total calculated losses increases

to more closely match the experimental/_7 determined total losses.

The calcuiated values of eddy current loss, hysteresis loss, and total core loss

are given below for three values of applied magnetic field Intenslty.

Hmax(a't ) Pe % PT

(o rsteds) (watts) (w tts) (watts)

2o 9.6o 5.37. l_._
50 49. i!, 6.78 55.92

6O 68.34 7. lO 75. _ ,_
1

s coscu. .I s

The equation and res_tlts presented in this paper are for a cylindrical rod
subjected to a sinusoidally varying 60 cycles per second magnetic field. The basic

equations, however, were developed for solid ferromagnetic plates and cylinders _, and

the computer procedure is applicable to both periodic and non-periodic driving functions.

To the authors' knowledge, this represents a unique procedure for accurately
calculating eddy current losses and hysteresis losses in ferromagnetic materials_ Some

of the engineering applications of this work are the losses in end plates, through bolts
and finger plates of" rotating machines; losses in solid iron rotors of turbine generator_,

some rotating induction machines, and eddy current brakes. Stationary electrical e(lu±p-
Si" _ent for the heating of billets, electrical furnaces, and equipment for cer_.ain heat

" .'eatingprocesses suggest, further applications for the results of thls presenZ paper.J

_: MAD (MichiganAlgorithmicDecoder)

_nitor: ' University of Michigan Executive S_stem
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_c') B(i,j)

.qCk B one cycle previous

(used in STATE).

fDA'IA, IfDATA Data set describin_ left, side

of ,major sat_rated };¢steresis

loop.

DM_J Vertical translation reference
in DFIL.

BREF, HRET Local maximum in DF_fL.

BTRA2JS, HTRANS Sc_led cu_le in DETL.

BVIuG, HVIRG Deta set describing virgin
mr_neti zation curve.

CL_CK @ Starting time of program.

c#N (_t)plo8 {
0.4.(At) 2

C_NVG Steady state factor

DELTA B(1) 6B(i ) j
i

DELTA H(I) AH(i )

DELTA R ar

FLAG Steady state determination index.

GL Index in T_.

c_, Index inTEP_.
_(z) H(i,J)
h_d Horizontal translation reference

point in DETL.

I i(space index)

J(i) J_(r,t)

J gQ(l) jo2(r,t)

L 'Orderin_ index on XCAL, _CAL.

I,_, X, HI X Limits on integration of hysteres_&
loop.

M Count index on XCAL, YCAL.

i
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Variable Name De,_¢rLptio}) ._

Q index in TF_P_.

QQ Ordering index in TF/_P_.

Pa_ _ x 1o8

T t

T_T ED¥ WE

Tm wT
XCAL, YCAL List of B-H points curruntly

in use at a space point.

X_T_(T) S(a,J)

X P_INT H value used in integrattug _,
hysteresis loop.

XTJSE, YUSE List used _n TEP_.

Z Final cycle index.

Function

._s. x lxl _}

.Am,. (_oSical).
C_K. _Is the tt_s clock at_se_

- to the _q_-ter.

C_. (X) eo,lne(x)

D_L, Pr_edttre to determine on which

b_steresis loop variation 18 occuring.

D_/B'_. Loadtr_ procedure.

._*. m

F TRAP. Conwerts an underflow to zero.

_. Initiates error sequence in monitor.

._.

.L. <

•_R. (Ix_leal) + ,i

STAT_. Tegto for steady state by cmepartn_
B values one cycle apart.

SYSTEM. Returns control to monitor.

T_P_, Linear Interpolation _unct£o_.

?
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,{,.m.tr_._ :

,t,t t erar.nt numl_ er_ Comment• , i,

O01,03t} Indicates running t:i_c o£ program

012-017 C2_eck if convergence .'.rite, riP is
meh

02"-:-O21, Loadin_ of H( a _t )

O2:;-O_:P, it_itlalizlngall space points _o
virgin magnetization c_trve

O,?q,030 Begins procedure

O35,O42 Tests if ='_P_. Ms mdi:'ied XCAL,
YCAL

O3_,O'jO Tests proper B-_I relationship

C-,._l Prints output a_ s_ea_y state check
points

062 P:_nts complete ou%pu_ _in_ l_st
cyc :e

I01 _ - RII$x I0"8

I06-II'_ EvaLu_tio_ ofa _(.__,_,,_Bx(i)

155-163 RestoreS,ion of vi-6t_ magnetization
c _r've

215 Zero wl4th II_jter,'.s'" s loop when local
maxta_ is _,_1
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$ ZERO, COMPILE MAO, PUNCH UBJECT, EXECUTE, CUPP .._.

MA_ 124 SEP 1964 VERSION) PROGRAM LISTING ... ......

CLOCK 0 =CLOCK.(O) cOO|
PRINT COMMENT $X TOTAL LOSSES IN CYLINCRICAL nODS $ t_ 2
F TRAP. *¢03
INTEGER KtItT_N,MtZolItCLOCK,-CLOCK C,FLAG *_C4
DZMENSI_N M(44)tL(19ItBPREVI|g),hIZ£ImJ(19)I *005

L YCAL[19ebO|,XCAL(Ig*bGI,BDATAi6_)oHCATA{4_) , 10_5
2 _V|RG[30I,HV[RG(J_I,XIN(363_,B{19),8 CKI4), *C05
3 J SQI|e)oPWR EOYIL9)tCELTA HIIg_tSUM OEL|IO)tPMR H_S(19| E

_EAO AND PRINT DATA *OOb
REA_ PORMAT INPUT._K_2,I,K.G._O,BVIRGIK),PVIRG(KI) *C_?
READ FORMAT INPUTtIK=2,I,K.G.4_,_O_Ts_(K),h,_I_{KII tO_8
VECTOR VALUES INPUT-$ ZFI?._* $ *03_
DELTA R- RADIUS/IT. *01_
PI-3.1415926 ='|I
wHENEVER (RHO*(I.*C_S.(PI/I36._OELTA RII);._. *C12

4 (0,4*PI=3bO.=F_DELTA R.P,2=BV_R_I_)I_VIRG(2_) ICI2
PRINT COMMENT S6 NUMERICAL SOLUTIUN UNSTABLE, EXECU;ION

1 TERMINATED S '*_L3
SYSTEM. *0_4

OTHERWISE _015
PKINT COMMENT $6 NUMERICAL SOLUTICN ASSUMED STABLE $ *O|b

END OF CONDITIONAL .017
CONy RHO/IF*3bO.eO,_*PI_DELTA _ .P,Z_ _O[B
PRINT RESULTS CON ,C19

OEL PHI= P11180 _ZO
THROUGH INX_ FOR T=OtloI.G,36_ *0_1
XIN{TI=PEAK*SIN. IPHII *_22
PHI= PHI* DEL PHI *_23

INX .3?_
THROUGH VIRGIN,FOR 1=2_1_1.G.19 *C25
OOUBLE.(II *_26
LIli=-| *:2T

VIRGIN *OEB

R WHEN L--|_ K-2 OCCURS AT THE _IPPER _]GH! EN_ GF
R THE HYSTERESIS CURVE._HEN L=_, K=2 OCCURS AT c
R THE LOWER LECT END.

I=18 *029
T'C *03_

LCOP soil
WHENEVER I,E,18 eC32

HI|*II=XINIt[ eC3t
FIND H2 H III=TERP0.(B |II_YCAL,XCAL,2,_II),3,1) *h34

WHENEVER HII),G.IE2;'t TRANS,:E_ TO FINO H2 eO_S
B PREVII*II=BII_ll *_36
BII_II=TERPO. IXINIT*II,XCAL,YCLLt2,_II_I,Z,I �”�_C37

OETL.II*tI *038
END OF CONOITIONAL ,*¢3_

mn mm
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_HENEVE,.'. I .T..,.2 .,OW,_
FIhL_ t_l '_ (I-[i'_TEkPO.(B (I-!I,YCALlXCAL,2,w|I-I_,3,[-II =O41,

NHE;,_L,'F..RH(I-ll .G. IE29, FRA_SFER IG F[;,IC HI _O,Z
Et'_# OF CiiNC[T[O,'wAL aC,_j
BPREV{ l ) "-B{ 1 ) =C,_,
WHENEVLR [,E,2 ,_5

BI | i-'{CONICH{I+IIolI.*(!.#(2.*! |-Z) l) )-2.mHl I| =CI,b
1 *Hll"l)"([.-(].l(2.,(I-2))i)) i * BIll *O_

CTPERWI SE "Cg 7
'_!}- {2.err_"|'ill_II-HlI)) ) �BIll_....Vt

t_D (}I C()NOITIONAL ,.;_V
DETL • I I t ,O]C
WHENEVER FLAG.E.i =051

JtI._=IHIII-HII',-III/IDELTA R * 0.4 • Pli =3.52
W,_tENFVERZ,E,3, J SQIII=J SQIIt'IJIII.P.2 *_.5J
WHENEVER L.E.i .AriD. I.E.C. EXECUTE {]UTPL_I. *3_4

END OF CONOIIIONAL .0_5
WvENEVER ! ,GE.3 ,CS&

I_HE_iEVER N.G.t) .AND. FLAG.NE.I .AI_.C.I.E.IS_ _xECUIE STARE.
- /" _, *058

tRAN3Ft-. °, IO. LCOP *059
ENC OF CONDITIONAL *060
WHFNECE_ (I.E.0 .OR. T.E.90 .OR. r.E.L8d .OR. T.E.?70) .AND.

1 FLAG.NE.It PRINT RESULrS NtT,B(2I...BIIg! *C61
WHENEVER FLAG.E.I, PRINT RESULTS N_T,b(21...Blig) *C&2 :
WHENEVER T.L.35q _..363

T=Ttl *_'5_
I] iHERWI SE *C'&5 '

T=3 t065
N=N4 I i067
WHENEVER Z.E.O,Z=_ ,068
WHENEVER FLAG.E. 13tZ';' *0_g
WHENEVER FLAG.E./_,FLAG=" i070

END OF CONDIIIONAL *.37i'

i_t_L',_.SFER;(] LOOP s'073

i_ =r_I_XNAL FUNCTION 'STATE.' OETEKPINEC WI_EN STEADY
_} STATE CONDITIONS HAVE BEEN ACH|EVEC.

INTERNAL FUNCT IUN eC74,/

ENTRY TO STATE, *075
_HENEVER T,,E o0 *3Tb

wHENEvER ,ABS. IB CK!II-BIIII.L..'BS.IC[)NVG*B|II)_ FLAG-IO

B CKIII-BIII t,Q78
UR WHENEVER T.E.93 .37g

_HENEVER ,ABS.IB CKI2I-BIIII.L..ABS,ICONVGeBIIII .AND.
l FLAG.Eilg_ FLAG =ll *080

B CKIZI'BIII *O81
OR WHENEVER T.E,,IBO *082 ,

wHENEVER .ABS,,I8 CKI31-BIIII.L..ABS°ICONVGtB(I)) .AN.D°
I FLAGoE,IIt FLAG"I2 eOB_I

6 CKI3I=B(II , 'sO8,_

i iiiii, iiiiiiiiiii HI
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,',t i,,HENEvFR T.E.2?O eO_.5
_,H_PLVL!< .ABS..(_ CKI4|-8{_.)I.L.oABS.{CCtNVI,_'B{I)J .'AN"_I.

| FLAG,E. L2 ,086
FLAG=I3 =087
PRINT COMMEN[ $6 STEADY STATE _C.MIEVED Art ,+088
_.[NUTE=CLOCK.(CD-CLOCK 1_ +_.89
PRINT RESULTS MINUTEt Nt 1 ,Cq,_
PRINT CCJMI_ENI S6$ .0<.,i

END CF LONOITLCNAL m092
B CK(4)=B(I) ,O'-_ _

END OF CONDITIONAL .+j:_
FUNCTION RETURN *_95

END uF FUNCTION *O_(;

R [NTEPNAL F_.,_F+CTION+OUTPUT. w DETERMINES AND PRINIS

R H_'SII::RES|S AND EDDY CURRENT LOSSES,

INTERNAL FUNCTION ,091
INTEGER LO X, H! X =098
ENTRY TO OUTPUT. *099

IHROUGH POWER, FOR I-2,1,I.G.IB =LO0
PWR EDY(II_RHOeIL.E-8I=IJ SQII)/360,I= elOl

! (OELTA R,P,2Ie2.ePIe(I-1,S) =101
POWER e102

LO X'6 "103
Hi X" N( 1 |"5 o106
THROUGH LOSS, FOR 1"2t!,I.G*[q =10S
DELTA Hill- .AB$.IXCAL(ItLO X) - XCAL|I,HI Xt)/']LO0.+ o106

THROUGH HYSTRS, FOR XPOINT* ,A'BS-,|XCAL(IoLO XlJ, -DELTA HIIlo
t XPOINr. L+ -I.4,'.ABS+.-(Y,.CALIItHI X)) ,tO?

DELTA 8-,ABS,(TE_PO. IXPOINT,XCAL+YCAL.,2,MII),Ztl) + et++
1 TERPO, (-XPOINT _ X'C.AL t YCAL t2_M( ; ) + 2, l | l =108

SUM _ELII)= SUM OEL(I)* DELIA 8 =109

HYSTRS e[lO

PWR HYS(It=CELTA HII)tSUM OELIIleFeII-I,S)- +ilI
1 IOELTA R.P.Z)/IZ.E?) ,111

LOSS el,;
THROUGH TOTAL 1o FOR I:=2_IoI-G,18 eli3
TOT EOY-T01" EDY • PWR EOYII) *116

TOTAL 1 ells
THROUGH TOTAL 2p FOR 1"3,'LtI,G,18 *lib
TOT HY$= TOT HY_(;+ PWR HY${II eI,],1

TOTAL 2 =lt8
TOT HYS = TOT ttYS+O,_e(PNR HY$(2I.o.PwR HY$(191) e119
TOT PWR = TOT HYSe TOT EOY =|ZO

PRINI COimMEN_ $2 FINAL RESU'LTS S =121
PRIN| RESULTS PWR EDYI21...PWR EOYII8), PWR HYS(2)...PWR,MYSI|gIe

1 TOT EDY, TOT HYSo TOT PWR =122
SYSTEM. =123
FUNCr ION RETURN =12_
END OF FUNCTION .125
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,, |r;I!,RPbLAiI_)N C,"J A LJbT.

K X iS THe. [NOEP_-NOi_NI V/_RI_L!LE

_. XI" IS THE N,AME OF T_E LI,)T CF INC_PENCEN[ V,_R|_OL_S

k Y| IS [HE NhuE OF rile L.IST OF CEPt:NI.;ENT V_RI,6,_Lt.:.S
'_ LOL|N I:_ THE LLik_ER LIMIT 0N THE |NCEX

,, ':I_.[N |_, IHE UPPER Lr_NJT ON lt_E INDEX
R U_DER !:', IHE INDEX CK LOABiNG
_,: _-.;x_.:_,J-;._i-._';,_.t;,: oF rilE FIXED 3UBSCRIPT
I- / I _, _--'.- _._iE_',PUL_,TED OEPE-.';L;=:,__. VARIABLE

R I FNO,:. ".,':."; L '=;it, ._/

;Nlk_NAL FbNCTIIIr-,' (xt.Xl-_v_LCLIN,HILIM_URCER,FIX¢:.0) =!26
_. _NE_S LON XUSEI79| _YUSE_TC I ,_21
INIEI,_ L_L. IP,P_IL IM_OROER_'IXEf)_G_(_'_GL.G_ "12,9
ENIRY TO TERPO, *I,?':_

_HENEVER ORCER, E ,_. *1_"
' 'R " FOR Q=LOLI_,!_o_ t,:,, ,ILJb_H | N 1 _ ,, .,• H,,. IH +I _

XUSE IOl =X.T (_) * 13/
YUSE (Q_.=YT(0 J =L 3._

IN ! *13"-
OR NHENEVER ORDER.E,Z .OR, OPOEH.E.3 .1_5

THROUb_ IN2_ FOR O=_Gt. IM_L_Q.G°H_.!__.I_ *_E.
XUSE (_) =Xl' (F IXEO,O] =t _7
YUSE{QIeYTIFIXED_OI ";_8

-, O ; ;.E Ki_I!5_: • ! _',,

PR)_N;f COMMENTS6 e*** ERECK RETURN FRUP ORDERS *14l
E._OR° *147

END OF CONCITION.t,L =I_'3

_: {LOL IN+H 1L IN}/2 = 14_
QQ=I XUSE (HIE tNI-XUSE ¢LOL IN} !/,6BSo (xUSE IH IL TN I-XUSE ( LOL IN _ }
WHENEVER XuSE;OI.[ .x '_:

(._:_ _,'_(_".llC¥':,"_ ._U'_':: {0) .G.X *1'_8
, L--:, .l_g

'2ii-,ERN_SE m[5_

FI_htCTION FETURN YUSEI_JI .15i

. EN_ OF CUNO TIDNAL e152

T.;_. "153
kHENEVER Q,;,HILIN .OR, g,L,LOLIN .154

_iHENEVFR ORDER .E._ ,AND, I_IFIXEI3},NE,58 ,155
PRINT t;OlUNENT $C LOLIN OR HILIN HiS BEEN EXCEEDED, *15_

1 INTERPOLATION WILL CONTINUE CN THE VIRGIN CURVE, $ *lSb
PRINT RESULTS XUSE(LGLIIq), XUSEIt_IL_NI_X,ItN_T .1,,57

'>Ct,:SL L, _F I XE0 I *lSU

" r';M')[..N_' ._ ._LN.'$*-* Ef_ROR REIURN FRGP O$ _!6.)
II_ANSFER TO OUT *IbL

ENP OF CCNDITIONAL =162
FUNC/ION RETURN 22E33 ,16)
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• > ,_ a165('RI T CO_4cNT$6e*o ERROR RE_UKN F_CM _$
_UT P_INI _E_ULT$ LOLIM,HILIM,XUSEIL.CLIMI,XUSEIHILIMI,Q,XU_EIQ),

I X,GL,OROE_ tOO,F" I XEO,_(FIXEC) oi66
ERROR. *167

EN_ OF CONDIIIONAL e|_8
_HEr_EVER XUSEIQ_.x 6167

ktIENEVER CL.L,_ .17"

IRANSFER TO TEST .[72
O THERW ISE *I 73

{RANSF_R T_ COMP eL7_
E^;3 UF CONOITIONAL mils

_R WIIENFVER XUSEIO}._,X e116
_HENEVER G_ .G,¢ *IZT

O_Q-Q_ eLT8
TRANSFFR ;U T_ST e179

_]TH_RW_SE • I80
|RANSFZR 70 COMP _lSl

END OF CONDITIONAL .ISZ
OTHERWISE ,183

FUNCTION REI'URN YUSEIQ) ,18_
EN_ UF CONDITIONAL e|8_

CGMP *18b
GQ:_QO'GL *187
FUNCTION RETURN YUSEIQI+IIX-XUSE(QI)_IYUSEIG_I-YUSEIQI)/,*IBO

l IXUSEIGOI-XUSE(Q))) *108

EN_ OF FUNCTION *lBg _I_'

R INTERNAL _UNCTION 'DOUBLE.' LOADS TME VIRGIN CURVE

R INTO THE XCALoYCAL ARRAY IN BOTH FIRST AND THIRD
R QUkDRANTS,

LNIERNAL FUNCIION (FIXl _|gO
INTEGER FIX_V _|9|
ENTRY TO DOUBLE, _192

THROUGH VRG I, FOR V_2tItV.G.S8 *|96
WHENEVER VoL._ m195

XCAL(FIX ,VI=-IeHVIRGIK) *196
YCAL(FIX _VI=-IoBVIRGIKI elg?
K*K œ�*_98

OR WHENEVER V.GE.3G e199
XCAL(F|X tVIzHVIR$IK) oZO_
YGAL(FIX _V|'BVIRG_K! *20|
K=K-I *262

END OF CONDITIONAL *2_
VRG I mZO_

M(FIX I'58 o295
FUNCTION RETURN e806
ENO OF FUNCTION *207

am mmm m
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_, .IrNIERNAL FUN[,TIC_N OFIL.

R OErL. COPPARE'_ TH_ CURR[NT VALUES CF B ANO H WItH
R t_SA1 ANI) HSAT. IT RETURNS THE CORRECr NINL}R LCOP
R IN XCALfYCAt.. THIS MINOR LOOP WILL HAVE 8 ,H AS ITS
;_, VERTEX, AND THE VERTEX WILL LIE CN THE VIRGIN CURVE.

k DELL. VERSIUN _C

INfeRNAL FUNCTION {INOEX) e208
INI'EGER KtLtl', INDEX =ZOO
DIMENSION HTRANS(44|tBI'RANS(44) e2L._

ENIRY TU DETL. ,2_I
_HENEVER LIzaiDEX)*B|INDEI(I.LE. L(INUEX)*B PREVI INEEXI,

LI INOEX}=.-L{ INDEX) FUNCT |ON RETURN '# etl3
BI(F._.::,ABS.6 I INDEX} e_.I_

wHENeVER BREF,,L,,(_SAI/I.3C.)t FUNCTIOk RETURN e2I_

PIREF=.ABS.H ( INDEX} o216

l*.tINDEX I =4c, *2II
wHENEVER BREF.GE.RSAT -218

THROUGH BACK |p FOR K=2,1tK.G._4 =2_'_

YCAL IINf}EX,K ;=BDATA (K) eL IINOE)) .22'.3

XCAL I INDEX,K ) =HDATAfK I eL ! IhDEX I .221
SaCK I *222

FUNCTION RETURN -223 i

END UF CONDITIONAL .22_,
HMAJ=TERPO. (-BREF,BDATAtHOATAp2,64 tO,,O ) IZZ5 ;
HFAC,,2.HREF/(HRF. F HMAJ) * 2Zb '
THROUGH T_ _J_"OR K='2,1_K.G._4 •Z27 "I
HTRANSi'K ) ={HOATA(KI +HREF I eHFAC-HRE'F _:28 l

THAN l eJ29

JM_J= I'ERPO. IHREFtHTRANS,IBDATAe2,_,O,O_ e233
BFAC=ZeBREF/IBREF+.ABS.BMAJ) _ ,_1 ,
THROUGH TRAN 2, FOR K_=2,I,K,G.,_,_ _,2_

TRANS IK )"(BDATA'!K I+BREF )_BFAC-BREF =2 _ "'

TRAN 2 ,_23 _. ;
THROUGH BACK2_ FOR K=2,I_K.G._ _, ,*235
XCAL ( INOEX tK I =HTRANS I K ) •L ( INDEX I ' .23b i

YCALIINOEX,K)=BTRANS(KI='L!INDEX) .2_7 ; !i
' BACk( 2 "238

FUNCI ION RErURN .239 !
END OF FUNCTION .26_

END OF PROGRAM .2_1
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